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I. NOMENCLATURE
Stator side power factor. Wind turbine net power factor. Grid frequency. Stator magnetising current space phasor modulus. , Direct-and quadrature-axis stator magnetising current components respectively, expressed in the stationary reference frame. Rotor current space phasor modulus. , Direct-and quadrature-axis rotor current components respectively, expressed in the stationary reference frame. , Direct-and quadrature-axis rotor current components respectively, expressed in the stator-flux-oriented reference frame. , Reference values of the rotor current and components, respectively. , Direct-and quadrature-axis rotor current components respectively, expressed in the rotor natural reference frame. , Direct-and quadrature-axis stator current components respectively, expressed in the stationary reference frame.
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Digital Nevertheless, this kind of electric power generation usually causes problems in the electrical system it is connected to, because of the lack or scarcity of control on the produced active and reactive powers. Several designs and arrangements have been implemented so as to cope with this difficulty [4] - [8] .
As far as variable-speed generation is concerned, it is necessary to produce constant-frequency electric power from a variable-speed source [1] , [3] , [4] , [9] . This can be achieved by means of synchronous generators, provided that a static frequency converter is used to interface the machine to the grid. An alternative approach consists in using a wound-rotor induction generator fed with variable frequency rotor voltage. This allows fixed-frequency electric power to be extracted from the generator stator. Consequently, the use of doubly fed induction machines is receiving increasing attention for wind generation purposes [6] , [7] , [10] , [11] . One of the main advantages of these generators is that, if rotor current is governed applying stator-flux-oriented vector control-carried out using commercial double-sided PWM inverters, decoupled control of stator side active and reactive powers results.
The ability to generate electricity with power factors different to one--would reduce the costs of introducing additional capacitors for reactive power regulation, and would be especially advantageous for both producers and distributors in charge of transmission systems.
This paper aims to show the techniques followed to control a DFIM power factor. Several significant simulation results, obtained after modeling both the generator and its overall control system in MATLAB/SIMULINK, validated with real machine performance results are also presented.
III. WIND TURBINE MODEL
Several models for power production capability of wind turbines have been developed and can be found throughout the bibliography [4] , [7] , [9] , [12] . The mechanical power , captured by a wind turbine, depends on its power coefficient given for a wind velocity and can be represented by (1) where and correspond to the air density and the radius of the turbine propeller, respectively.
The power coefficient can be described as the portion of mechanical power extracted from the total power available from the wind, and it is unique for each turbine. This power coefficient is generally defined as a function of the tip-speed-ratio which, in turn, is given by (2) where represents the rotational speed of the wind turbine. Fig. 1 shows a typical relationship between the power coefficient and the tip-speed-ratio. It should be noted that there is a value of to ensure a maximum of . Thus, it can be stated that, for a specified wind velocity, there is a turbine rotational speed value that allows capturing the maximum mechanical power attainable from the wind, and this is, precisely, the turbine speed to be followed. The method followed in this paper in order to reach the optimum tip-speed-ratio at each wind velocity consists in, based on the generator rotor speed, estimating and, therefore, trying to achieve the optimum active power to be generated by means of the rotor current stator-flux-oriented vector control.
Specifically, assuming that the optimum power coefficient and, as a result, the optimum tip-speed-ratio values for the particular wind turbine employed are properly identified, the stator side active power reference value which is made equal to is established starting from the turbine angular speed through (1) and (2) . This operation principle is only effective below the rated wind speed, where the available wind power does not exceed the rated capacity of the generator. However, above the rated wind speed pitch regulation is applied so as to limit the attainable wind power, hence leaving the optimal power coefficient operation.
IV. DOUBLY FED INDUCTION GENERATOR ELECTRICAL MODEL
The basic configuration of a DFIM is sketched in Fig. 2 . The most significant feature of this kind of wound-rotor machine is that it has to be fed from both stator and rotor side.
Normally, the stator is directly connected to the grid and the rotor is interfaced through a variable frequency power converter. In order to cover a wide operation range from subsynchronous to supersynchronous speeds, the power converter placed on the rotor side has to be able to operate with power flowing in both directions. This is achieved by means of a back-to-back PWM inverter configuration. The operating principle of a DFIM can be analyzed using the classic theory of rotating fields and the wellknown model, as well as both three-to-two and two-tothree axes transformations. In order to deal with the machine dynamic behavior in the most realistic possible way, both stator and rotor variables are referred to their corresponding natural reference frames in the developed model. In other words, the stator side current and voltage components are referred to a stationary reference frame, while the rotor side current and voltage components are referred to a reference frame rotating at rotor electrical speed, -see Fig. 3 . The machine electrical model expressed in such reference frames is referred to as the "Quadrature-Phase Slip-Ring" model [8] .
When aiming to express the induction machine electrical model in the above-mentioned reference frames, it is first necessary to perform the Clarke's transformation from the three-phase to the current and voltage system, through the equations given in the Appendix.
In this way, taking the general three-phase model of the electric machine dynamic performance as starting point, the "Quadrature-Phase Slip-Ring" model for the DFIM might be expressed through the following matrix equation See equation (3) at the bottom of the page. where represents the Laplace differential operator.
The roles of current and voltage components in (3) need to be interchanged so as to treat voltages as independent variables-system inputs-and currents as dependent variables-system outputs, as corresponds to a voltage doubly fed induction generator (DFIG). On top of this, each of the equations included in (3) is rewritten according to a nonlinear state equation, in order to achieve expressions whose structure is compatible with that of S-function-type C-MEX files. The states to be considered-, , , and -correspond to (7) where all inductances are assumed to remain constant.
In order to obtain the electric parameters needed to completely define the dynamic model of a four-pole 660-kW wound-rotor induction generator, different experimental tests were performed in a test-bed placed in the origin factory. From those standard tests, the parameter values referred to a 20 C ambient temperature, collected in Table I , were obtained.
Therefore, the parameters defined for the dynamic model are computed as follows:
Since the main objective of this research work consists in designing a controller so as to let the DFIG work with different power factors, the operating limits of the machine in regard to active and reactive powers need to be accounted for.
One of the main aspects to be considered when trying to govern the reactive power generated or absorbed by a DFIG, is directly related to the temperature-heat-reached on the rotor side because of the high rotor currents the back-to-back PWM converter may drive. Such currents may cause damage to the insulation of the rotor windings, hence reducing the machine life span. As a result, while the working temperature increases, the amount of heat that can be removed out from the machine diminishes and, consequently, the value of the highest current that is allowed to be driven into or out of the DFIG rotor also decreases.
In order to obtain an analytical expression relating the stator side active and reactive powers with the rotor side current maximum value, the following expressions are considered [8] :
Based on (9) and (10), the equation for -load curves given next is derived (11) where corresponds to the rotor current maximum value. According to (11) , the radius and eccentricity of any load curve can be easily computed as and , respectively. As already mentioned, the limitation curve given in (11) is directly related to the rotor side current maximum value. Therefore, as the ambient temperature increases, the radius of the semicircle becomes smaller since , the highest current that is allowed to flow through the DFIG rotor, decreases. On the other hand, the eccentricity inherent to -load curves is caused by the inductive nature of induction machines.
Based on (11), and considering the restrictions imposed by rotor slip-rings and brushes, as well as those due to converter capability, several limit -curves, shown in Fig. 4 , have been derived from the DFIM heating test by considering different operating temperatures-30, 50, and 60 C, exactly-, which lead to different values of the maximum permissible rotor current. The solid curve at the top of Fig. 4 , which has been derived by considering that the bidirectional PWM is able to handle currents up to 400 A, reflects the limitation imposed just by this rotor side converter. It has also to be stated that it can feed the DFIG rotor with instantaneous voltages up to 380 V. Generated active and reactive powers are considered to be positive.
Consequently, considering the induction generator operating limits provided in the -curves above, a control strategy has to be designed in order to govern separately the active and reactive powers interchanged with the grid through the stator. This can be achieved by implementing a stator-flux-oriented vector control algorithm on the rotor side, which requires the determination of both the stator flux-linkage space phasor position and rotor electric angle at each moment.
VI. CONTROL SCHEME The DFIM control structure shown in Fig. 5 contains two cascaded control-loops. The outer one governs both the stator side active and reactive powers, so that the power factor setpoint value demanded by the electric energy distribution company is complied with as accurately as possible. Simultaneously, it would be convenient to employ profitably the whole active power generation capability provided by the wind at each moment, from the income-yield capacity point of view.
On the other hand, the inner control-loop task consists in controlling independently the rotor current direct and quadrature components expressed according to the reference frame fixed to the stator flux-linkage space phasor. In order to implement this inner control-loop, the stator-flux-oriented vector control method based on two identical PI controllers is used.
It has to be pointed out that Tustin's trapezoidal method [13] has been used to discretise the PI controllers in both inner and outer control-loop algorithms. Consequently, a hybrid model containing a continuous induction machine and discrete controllers has been developed in MATLAB/SIMULINK using S-function type C-MEX files. Furthermore, as the controllers used are PI type, anti wind-up algorithms have also been implemented so as to prevent converter saturation. Particularly, if the control signals originally computed in the inner or outer loops exceed the bidirectional converter capability, they are limited in such a way that priority is given to active power set-point achievement, rather than attempting to ensure the reactive power reference value demanded.
A. Vector Control Implementation
As stated in (9) and (10), when governing a stator-flux-oriented vector-controlled generator, it can be proved that variations in rotor current real and imaginary components-, -are directly reflected on their corresponding stator current components-, -provided that they are all referred to the reference frame fixed to the stator flux-linkage space phasor [8] . Therefore, and are used to control the stator reactive and active powers, respectively. Thus, the steps followed to model and implement this vector control algorithm are described below and can also be identified in Fig. 5. 1) Three-to-two phase Clarke's transformation of measured stator and rotor side currents in their corresponding natural reference frames. 2) Estimation of the stator flux-linkage space phasor angular position with respect to the stationary direct axis.
Since the rotor side current components need first to be changed from their natural axes to the stationary reference frame, it is necessary to measure the rotor angle. The equations to be followed are given next (12) 3) Expression of the rotor current space phasor in the reference frame fixed to the stator flux-linkage space phasor, so as to compare its and components with their corresponding and set-point values. Based on the errors in both current components, the voltage and components to be applied to the rotor side are generated by means of two identical PI controllers, as shown below (13) For this particular case, both PI controllers in (13) have been tuned applying the pole assignment method, in an attempt to reach a critically damped inner loop response with a 40-ms settling time. Furthermore, inclusion of parameter allows placing independently not only the inner loop poles, but also the unique zero inherent to the PI controller. Particularly, if is made equal to zero, the PI controller zero is placed at and, as a result, its influence on the closed-loop time response is cancelled out. 4) In order to improve the decoupling between and axes, the and decoupling voltage components given below are added to and , respectively (14) where , , and . The resultant voltages in both axes will be referred to as and . 15) 6) Clarke's inverse transformation of rotor voltage and components from two-to-three phases. It is worth pointing out that replacing the voltage-controlled back-to-back PWM sketched in the control scheme proposed in Fig. 5 with a current-controlled rotor converter, this inner control-loop-PI controllers and computation of decoupling voltages-could be avoided. Actually, it would be sufficient to apply the reference frame change and the two-to-three phase transformation, given in steps 5. and 6. respectively, to current components and provided by the outer loop, in order to generate the three-phase current signals to be demanded to the rotor converter.
Some results obtained when simulating the described model are provided in Figs. 6-12. These results correspond to a test carried out according to in rotor current and reference values were performed. First, two changes affected both components simultaneously, while last four involved only one of them.
Figs. 6 and 7 show the three-phase voltages applied to the rotor side through the converter and the resulting rotor threephase currents. On the other hand, the correlation existing between the rotor current and components and the stator side active and reactive powers, respectively, can be clearly observed in Figs. 8-11 , where both generated active and reactive powers have been assumed to be negative. The time response of rotor side-as well as wind turbine net active and reactive powers are also displayed in Figs. 9 and 11, respectively. At this point, it is convenient to highlight that, even though wind conditions do not alter during the whole test, the amount of generated active power can be varied just by modifying the current component value, provided that the outer control-loop shown in Fig. 5 is not yet implemented.
Moreover, the machine rotor accelerations and decelerations observed in Fig. 12 correspond to current component setpoint changes. In fact, it has to be considered that wind energy is employed not only to generate electric power, but also to produce rotational mechanical energy, which is associated to rotor speed. Therefore, since the wind power provided to the turbine remains constant during this test, generated active power increases and decreases, shown in Fig. 9 , give rise to rotor decelerations and accelerations, respectively.
In addition, Figs. 9 and 12 prove that, below the synchronous speed, the rotor side power flows from the grid to the DFIG, whereas, at supersynchronous speeds, it flows in the opposite direction. This slip power management, which is closely related to slip frequency control, allows to generate electric energy at synchronous frequency permanently, in spite of rotor angular speed significant variations.
As a result, it can be stated that the implemented vector control algorithm achieves very good decoupling of the stator side active and reactive powers, thus making it possible to follow either stator side or net different power factor reference values just by adding an outer control-loop which performs a relatively simple control strategy.
B. Outer Control-Loop Design
Once the vector control algorithm has been implemented on the induction generator, it is required to design the outer loop control law, which is responsible for providing the power generation process with the desired power factor. The steps followed by the designed control algorithm are summarized next:
1. Calculation of the optimum active power to be generated from the instantaneous rotor angular speed. It should be noticed that, once this outer control-loop has been correctly implemented, the amount of active power interchanged between the grid and the DFIG through its rotor side, turns out to be only a short fraction of the wind turbine net active power. Consequently, the stator side active power does not differ significantly from .
2. Computation of the stator side reactive power to be generated or absorbed, based on the instantaneous active power set-point obtained in the previous step and the desired either stator side or net power factoror , respectively.
If the specification to be complied with corresponds to the stator side power factor, the calculation of is straightforward (16) On the other hand, if a wind turbine net power factor is specified as set-point, is derived as follows:
where the rotor side active and reactive powers might be either measured or estimated as (18) As far as the sign of is concerned, it has necessarily to be established by considering the nature of the requested power factor. Accordingly, leading capacitive and lagging inductive power factors should give rise to reactive power generation and consumption, respectively. In addition, it is checked whether the resulting produces an operating point within the limits defined by the DFIG -load curve or not. If not, it is limited according to this restriction.
3. Application of two identical PI compensators to the previously decoupled stator side active and reactive power controlloops, in order to generate the reference and rotor current components to be followed by the inner control-loop-see Since, according to (9) and (10), it turns out that signals and as well as and exhibit contrary signs at any time [8] , it is essential to note that, for this outer loop, the error signals fed into its PI controllers are obtained by subtracting the setpoint of the variable to be controlledor -from its actual valueor , respectively. Similarly to the inner loop case, these two PI controllers are again tuned following the pole assignment method. In particular, a monotonically increasing time response with no overshooting and a 70-ms settling time is demanded for the outer control-loop. The function of factor is equivalent to that satisfied by parameter in the inner loop.
The stator side actual active and reactive powers are measured by means of a digital power analyzer, so that their corresponding error signals are fed into the PI controllers given in (19).
During the test, whose simulation results are collected in Figs. [13] [14] [15] [16] [17] [18] [19] [20] , in addition to changing the wind turbine net power factor set-point four times, sudden wind speed variations were applied in order to evaluate the overall control-system performance under wind gusts. Nevertheless, since the wind speed did not exceed its rated value all through the test, no pitch regulation took place. As shown in Table III , throughout the first four test stages, the wind speed and the net power factor set-point were alternatively varied, while in the last two both variables were simultaneously changed. In addition, the DFIG net power factor was kept lagging during these last two stages. Fig. 13 shows the fast wind generator response to DFIG net power factor set-point changes. It should also be noted that, once the outer control-loop is put into operation, only wind speed changes can cause the generated active power to vary, since rotor angular velocity, which establishes , depends on wind speed. Thus, the overall control-system designed allows the generator to work properly either under subsynchronous or supersynchronous conditions, as shown in Fig. 14. Once again, the relationship between the and rotor current components and the stator side active and reactive powers becomes evident in Figs. 15-18 , where generated active and reactive powers have been taken as negative. As stated before, Fig. 16 reveals that, provided that the outer control-loop works properly, the DFIG net and stator side active powers turn out to be very similar. Finally, the three-phase rotor voltages and currents corresponding to this test are also displayed in Figs. 19 and 20, respectively. 
VII. COMPARISON BETWEEN REAL AND SIMULATED RESULTS
In order to validate the wind generator model performance when the designed control law for stator active and reactive power decoupling is applied, some graphs comparing real and simulation results are presented. Figs. 21 and 22 show the dynamic behavior of a real 660-kW generator working in a wind farm when, generating 300 kW as a result of the wind speed at the moment with a , sudden stator side power factor set-point changes take place. In both cases, this new set-point corresponds to a power factor, leading in Fig. 21 , and lagging in Fig. 22 . Generated active and reactive powers are considered to be positive. Since wind conditions remain constant during the whole test, it can be seen that generated stator active power does not change, while stator side reactive power varies rapidly so as to track the power factor new set-point.
On the other hand, the simulated dynamic performance of the wind generator model described throughout this paper is shown in Figs. 23 and 24 . The simulation reproduces the real test conditions so that, for a constant wind speed, a sudden change in the stator side power factor set-point is introduced, thus varying its reference value from to a leading- Fig. 23 -or lagging- Fig. 24 -. Since simulation results obtained in these and other diverse tests are completely according to the wind generator real behavior, the reliability of the developed model is proved.
VIII. CONCLUSION
The simulation results obtained when running the wind generator and its overall control-system model presented in this paper, correspond strictly to those of a real doubly fed induction generator working in a wind farm.
Even if working conditions and, consequently, the optimum of active power to be generated vary because of changes in wind speed, the designed control laws are capable of keeping track of the desired power factor in the wind generator. Nevertheless, it is worth pointing out that the above-mentioned curve, which provides the optimum active power to be generated for each wind speed, could be optimized and tested using the developed wind generator model.
Since the simulation results obtained so far are really satisfactory, it would be especially interesting to build a wind farm model based on the wind generator model described in this paper, so as to design and analyze possible power factor control laws for the overall wind farm system.
APPENDIX
Any three-phase stator or rotor electrical magnitude can be expressed according to its natural reference frame-stationary, if it is a stator side quantity, and rotating at rotor electrical speed if it is a rotor side quantity-direct, quadrature, and zerosequence components as follows: (20) where represents the stator or rotor side voltage, current or flux-linkage. Equation (20) is referred to as Clarke's transformation. Similarly, the Clarke's inverse transformation from to three-phase quantities can be carried out just by applying the matrix equation given next (21)
